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ABSTRACT
We present hydrodynamical N-body models which demonstrate that elliptical galaxies
can transform into S0s by acquiring a disc. In particular, we show that the merger with a
massive gas-rich satellite can lead to the formation of a baryonic disc around an elliptical.
We model the elliptical as a massive, compact galaxy which could be observed as a ‘red
nugget’ in the high-z universe. This scenario contrasts with existing S0 formation scenarios
in the literature in two important ways. First, the progenitor is an elliptical galaxy whereas
scenarios in the literature typically assume a spiral progenitor. Second, the physical conditions
underlying our proposed scenario can exist in low-density environments such as the field, in
contrast to scenarios in the literature which typically address dense environments like clusters
and groups. As a consequence, S0s in the field may be the most likely candidates to have
evolved from elliptical progenitors. Our scenario also naturally explains recent observations
which indicate that field S0s may have older bulges than discs, contrary to cluster S0s which
seem to have older discs than bulges.
Key words: galaxies: elliptical and lenticular – galaxies: kinematics and dynamics – galaxies:
dwarf
1 INTRODUCTION
Theories of galaxy transformation seek to explain how physical
processes can drive the evolution of galaxies from one type to an-
other. Lenticular galaxies (also known as ‘S0s’) are well-suited to
studies of galaxy transformation because they exhibit various prop-
erties of other galaxy types. Like spiral galaxies, S0s have promi-
nent stellar discs supported by rotation. However, S0s contain little
gas and lack spiral structure. Like ellipticals, S0s are dominated
by their pressure-supported bulges. Ever since Hubble (1936) first
hypothesized S0s as a transition type between early and late type
galaxies, theorists and observers have sought to explain S0s as the
result of transitions between galaxy types. For instance, modern
integral field studies have highlighted S0s as an intermediate kine-
matic class linking nonrotating early-type galaxies and spiral sys-
tems (e.g. Cappellari et al. 2011).
Dressler (1980) showed that S0s are an abundant galaxy type
in dense cluster environments with a number density that grows at
the expense of spiral systems. Consequently, the formation of S0s
has long been thought to be the result of physical processing of
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spiral progenitors within clusters and massive groups. In the popu-
lar ‘faded spiral’ scenario, a spiral galaxy slowly fades and fails to
maintain its spiral structure following the removal of its reservoir of
gas (e.g. Larson et al. 1980). A variety of S0 formation scenarios
have been proposed, each invoking spiral progenitors: ram pressure
stripping (Quilis et al. 2000), truncation of star formation plus cen-
tral gas flows (Johnston et al. 2014), tidal interaction within dense
environments (Bekki & Couch 2011; Byrd & Valtonen 1990), and
mergers between spirals and other galaxy types (Borlaff et al. 2014;
Prieto et al. 2013; Tapia et al. 2017).
Environment is an important factor in characterizing the for-
mation and evolution of S0s, particularly because many of the
aforementioned scenarios invoke dense environments such as clus-
ters and groups. S0s observed in the field are less abundant than
their counterparts in clusters and must be associated with distinct
evolutionary paths. One such solution is the merger of two spiral
galaxies, which can produce an S0-like merger remnant in the field
(e.g. Querejeta et al. 2015; Bekki 1998).
Moreover, recent observations suggest that field S0s may be
structurally distinct from their counterparts in dense environments.
S0s in groups and clusters have bulges that are typically younger
than their discs (Johnston et al. 2012), but the opposite appears to
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be true for the field: S0s observed by Tabor et al. (2017) have bulges
which are older or similar in age to their discs. If this distinction
between field and cluster S0s is confirmed by further observational
studies, it will provide a key ingredient to understanding the distinct
formation histories of S0s in the field.
In this paper we postulate a physical mechanism for S0 forma-
tion which is unique in three ways: (1) the main progenitor is not
a spiral in contrast with other S0 formation scenarios in the litera-
ture, (2) the bulge of the final S0 is older than the disc, and (3) the
transformation can occur in the field. In particular, we show that a
massive compact elliptical galaxy can acquire a disc following the
merger of a gas-rich satellite, effectively transforming it to an S0.
The compact elliptical evolves passively to become the bulge of the
S0, and the destruction of the satellite feeds the buildup of a young
disc.
In our scenario, the elliptical progenitor does not resemble
compact ellipticals in the local universe such as M32 but is more
akin to the massive, compact ‘red nuggets’ that have been recently
discovered in the high-z universe (z > 2) (e.g., Damjanov et al.
2011). Several observational studies have previously suggested that
some high-redshift compact ellipticals could have evolved into disc
galaxies with compact cores (Dullo & Graham 2013; Graham et
al. 2015; de la Rosa et al. 2016). In addition, various studies indi-
cate that some cores of present-day systems can be linked to high-
redshift compact galaxies, including analyses of cosmological sim-
ulations (e.g. Wellons et al. 2016) as well as observations of nearby
galaxies (e.g. Yıldırım et al. 2017). In this context, the present work
stands as a concrete illustration of one possible evolutionary path
for the transformation of compact ellipticals in low density envi-
ronments.
The structure of our paper is as follows. In Section 2, we de-
scribe the details of our numerical method. In Section 3, we demon-
strate the viability of our new formation scenario by presenting a
fiducial model. We provide a discussion in Section 4, and we sum-
marize in Section 5. Several alternate models are presented in
Appendix A to consider the sensitivity of the adopted model to dif-
ferent physical conditions.
2 NUMERICAL MODEL
2.1 A new scenario
We here consider that S0s can be formed from mergers between
compact ellipticals and gas-rich low-mass disc galaxies. At high-z,
this scenario could correspond to the merger of a red nugget and a
gas-rich satellite. S0s formed by this scenario never pass through
a phase as a spiral galaxy, which contrasts with previous scenarios
in the literature in which the main progenitor is a spiral galaxy.
2.2 Adopted code for dusty hydrodynamics
We adopt the simulation code that was originally developed in our
previous work (Bekki 2013, hereafter B13; Bekki 2014, hereafter
B14). Applied to the formation of S0s, this code allows us to derive
the structural and kinematical properties, dust abundances, and spa-
tial distributions of atomic and molecular hydrogen (H2). We here
describe the code only briefly. A more comprehensive discussion
of the adopted code can be found in B13 and B14. The code is de-
signed to run on GPU clusters so that the most time-consuming part
of the simulation (i.e., gravitational calculations) can be accelerated
on the specialized hardware of GPUs. In contrast, the gas dynamics,
dust evolution, conversion from H I to H2, and star formation are
performed on CPUs. The smoothed-particle hydrodynamics (SPH)
method is adopted to follow the time evolution of gas dynamics.
Using the new code, we can investigate the following physi-
cal processes in a self-consistent manner: gas dynamics, star for-
mation, H2 formation on dust grains, formation of dust grains in
the stellar winds of supernovae (SNe) and asymptotic giant branch
(AGB) stars, time evolution of interstellar radiation field (ISRF),
growth and destruction processes of dust in the interstellar medium
(ISM), and H2 photo-dissociation due to far ultra-violet (FUV)
light. The code does not include feedback from active galactic nu-
clei (AGN) on the ISM nor the growth of supermassive black holes
(SMBHs). Since such AGN feedback effects could be important
for S0 formation to some extent (in particular for the central star
formation of S0s), we will discuss such effects in future work by
updating the present code with a self-consistent implementation of
AGN feedback.
2.3 Compact elliptical galaxy
The elliptical galaxy in our model consists of a dark matter halo and
a compact stellar spheroid. The elliptical is assumed to be initially
devoid of gas. In order to model the dark matter component, we
adopt the NFW density profile (Navarro et al. 1996) suggested from
CDM simulations:
ρ(r) =
ρ0
(r/rs)(1 + r/rs)2
, (1)
where r, ρ0, and rs are the spherical radius, the characteristic den-
sity of the dark halo, and the scale length of the halo, respectively.
We choose reasonable values for the virial radius rvir and the con-
centration parameter c = rvir/rs based on predictions from cos-
mological simulations for a given dark halo mass Mh,E (e.g., Neto
et al. 2007).
The stellar spheroid is constructed to have the Hernquist den-
sity profile and an isothermal velocity dispersion without global ro-
tation. The initial size and the total stellar mass of the spheroid are
denoted as RE and ME, respectively. By convention, we choose
RE to be the stellar half mass radius. In the present work, RE
and ME are considered to be free parameters that influence the
formation processes of S0s. We mainly investigate models with
Mh,E = 10
12M, ME = 6 × 1010M, and RE = 0.85 kpc.
The scale length of the Hernquist profile is set to be RE for all
models.
The adopted value of RE is quite small for the correspond-
ing value of ME, particularly when comparing to the population
of normal ellipticals observed at z = 0. For this reason, we con-
sider our simulated elliptical galaxy to be a compact elliptical. The
adopted values of RE and ME are consistent with the size-mass
diagrams for high-z compact systems as given by Damjanov et al.
(2011) and Dullo & Graham (2013). We note that the size and stel-
lar mass of our adopted model galaxy is intermediate between the
values of local compact ellipticals as studied by Norris et al. (2014)
and Yıldırım et al. (2017). In this context, our initial conditions rep-
resent a rather massive and compact elliptical in the high redshift
universe.
2.4 Gas-rich satellite galaxy
The satellite galaxy in our merger simulations is represented by a
bulgeless disc galaxy. The total masses of dark matter halo, stel-
lar disc, and gas disc of the disc galaxy are denoted as Mh, Ms,
MNRAS 000, 000–000 (0000)
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and Mg, respectively. In order to describe the initial density pro-
file of dark matter halo, we again adopt the NFW profile (Navarro
et al. 1996). The radial (R) and vertical (Z) density profiles of the
stellar disc are assumed to be proportional to exp(−R/R0) with
scale length R0 = 0.2Rs and to sech2(Z/Z0) with scale length
Z0 = 0.04Rs, respectively. In this notation, Rs represents the
‘size’ of the stellar disc and is equal to five times the radial scale
length. Similarly, the gas disc has a size of Rg, where the radial
and vertical scale lengths are set to 0.2Rg and 0.02Rg, respec-
tively. The satellite disc galaxy is assumed to have Rg/Rs = 1
in all models.
Rotational velocities in the disc are caused by the combined
gravitational potential of disc and dark halo components. The ini-
tial radial and azimuthal velocity dispersions are assigned to the
disc component according to the epicyclic theory with Toomre’s
parameter Q = 1.5. The vertical velocity dispersion at a given ra-
dius is set to be half the value of the radial velocity dispersion at that
point. The gas mass fraction is denoted as fg (= Mg/(Ms +Mg))
and is considered to be a key parameter that determines the final
structure and kinematics of newly developed disc components of
S0s.
The gas disc is assumed to have a metallicity of [Fe/H]=
−0.52 and the dust-to-metal ratio is set to be 0.4. These choices
resemble a disc galaxy having similar chemical enrichment as the
LMC (e.g. Carrera et al. 2011). No initial radial metallicity gradient
is considered in the present study, because we do not expect such
a gradient to significantly affect the morphology and kinematics of
S0s formed by the present scenario. The only impact would be a
slight change of the metallicity-dependent cooling of the satellite’s
gas.
In the present work we primarily discuss the fiducial model
for which the key model parameters are summarized in Table 1 for
both the elliptical and satellite.
2.5 Star formation
We adopt the ‘H2-dependent’ star formation recipe of B13 in which
the star formation rate (SFR) is determined by the local molecu-
lar fraction (fH2 ) of each gas particle. A gas particle can be con-
verted into a new star if the following three conditions are met: (i)
the local dynamical time scale is shorter than the sound crossing
time scale (mimicking the Jeans instability) , (ii) the local veloc-
ity field is identified as being consistent with gravitational collapse
(i.e.,∇·v < 0), and (iii) the local density exceeds a threshold den-
sity for star formation (ρth). We also adopt the Kennicutt-Schmidt
law, which is described as SFR ∝ ραsfg ; (Kennicutt 1998), where
αsf is the power-law slope. A reasonable value of αsf = 1.5 is
adopted for all models. The threshold gas density for star forma-
tion (ρth) is set to be 1 cm−3 for the fiducial model of the present
study.
Each supernova (SN) is assumed to eject a total feedback en-
ergy (Esn) of 1051 erg. Of this total, 90% and 10% of Esn are de-
posited as an increase of thermal energy (‘thermal feedback’) and
random motion (‘kinetic feedback’), respectively. The thermal en-
ergy is used for the ‘adiabatic expansion phase’, where each SN
can remain adiabatic for a timescale of tadi. This timescale is set
to be 106 yr. We adopt a fixed canonical stellar initial mass func-
tion (IMF) proposed by Kroupa (2001), which has three different
slopes at different mass ranges. Therefore, chemical evolution, SN
feedback, and dust formation and evolution are all determined by
the fixed IMF. Even though high-z compact objects may not have a
Kroupa IMF, we do not explore this possibility because we expect
IMF variations to have an insubstantial effect on the main results of
this paper.
2.6 Dust and metals
Chemical enrichment through star formation and metal ejection
from SNIa, SNII, and AGB stars is self-consistently included in
the chemodynamical code. The code explicitly evolves 11 chemi-
cal elements (H, He, C, N, O, Fe, Mg, Ca, Si, S, and Ba) in order
to predict both chemical abundances and dust properties. There is a
time delay between the epoch of star formation and those of super-
nova explosions and the commencement of AGB phases (i.e., non-
instantaneous recycling of chemical elements). We adopt the nu-
cleosynthesis yields of SNe II and Ia from Tsujimoto et al. (1995)
and AGB stars from van den Hoek & Groenewegen (1997) in order
to estimate chemical yields. Despite the fact that the adopted code
contains these features, we do not investigate these properties in the
present study.
The dust model is the same as the one adopted in B13 and
B14, described briefly as follows. The total mass of jth component
(j=C, O, Mg, Si, S, Ca, and Fe) of dust from kth type of star (k
= SNe Ia, SNe II, and AGB stars) is derived based on the meth-
ods described in B13. Dust can grow through accretion of exist-
ing metals onto dust grains with a timescale of τg . Dust grains can
be destroyed though supernova blast waves in the ISM of galaxies
and the destruction process is parameterized by the destruction time
scale (τd). We consider models with τg = 0.25 Gyr and τd = 0.5
Gyr. The reason for this selection is discussed in B13.
2.7 H2 formation and dissociation
Here we briefly mention the treatment of H2 formation and dis-
sociation in the adopted code. Full details on the formation of H2
on dust grains are presented in B14. The present chemodynamical
simulations include both H2 formation on dust grains and H2 dis-
sociation by FUV radiation self-consistently. The temperature (Tg),
hydrogen density (ρH), dust-to-gas ratio (D) of a gas particle, and
the strength of the FUV radiation field (χ) around the gas particle
are calculated at each time step so that the fraction of molecular
hydrogen (fH2 ) for the gas particle can be derived based on the H2
formation/destruction equilibrium conditions. The SEDs of stellar
particles around each i-th gas particle (thus ISRF) are first esti-
mated from ages and metallicities of the stars by using stellar pop-
ulation synthesis codes for a given IMF (e.g., Bruzual & Charlot
2003). Then the strength of the FUV-part of the ISRF is estimated
from the SEDs so that χi can be derived for the i-th gas particle.
Based on χi, Di, and ρH,i of the gas particle, we can derive fH2,i
(see Figure 1 in B13). Thus each gas particle has fH2,i , metallicity
([Fe/H]), and gas density. The total dust, metal, and H2 masses are
estimated from these properties.
2.8 Galaxy merging
The orbit of the satellite galaxy is set to be initially in the xy plane
of the elliptical in all simulations. The free parameters determining
the orbit include the initial distance between the centre of masses of
the satellite and elliptical (Ri), the pericenter (Rp), and the orbital
eccentricity (eo). The spin of the satellite galaxy is specified by
two angles θ and φ, where θ is the angle between the z axis and
the angular momentum vector of the disc, and φ is the azimuthal
MNRAS 000, 000–000 (0000)
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Table 1. Description of the basic parameter values for the simulated com-
pact elliptical and satellite spiral galaxy in the fiducial model.
Elliptical Satellite
DM halo mass (×1012M) 1.0 0.3
Virial radius (kpc) 81.7 134.2
c† 5 12
Spheroid mass (×1010M) 6.0 –
Spheroid half mass radius (kpc) 0.85 –
Stellar disc mass (×1010M) - 0.18
Gas disc mass (×1010M) - 1.26
Stellar disc size (kpc) - 9.6
Gas disc size (kpc) - 9.6
Initial gas metallicity ([Fe/H] dex) - −0.52
Gravitational softening length (pc) 43 138
Mass resolution (×104M) 30.0 1.8
† c is the concentration parameter in the NFW dark matter profile.
angle measured from x axis to the projection of the spin angular
momentum vector onto the xy plane.
We mainly investigate the models with the following configu-
ration: θ = 150◦, φ = 45◦, Ri = 52.5 kpc, Rp = 17.5 kpc, and
e = 0.7. Although we have investigated numerous models with
different mass-ratios (m2) of the two galaxies and different orbital
configurations, we show only the representative models for which
model parameters are briefly summarized in Tables 1 and A1.
2.9 Limitations
The adopted assumption of no gas in the central elliptical is not
entirely realistic in comparison to observed systems. The hot gas
in the halo of the compact elliptical would be able to strip cold gas
from the infalling gas-rich disc galaxy to some extent, which is not
modeled properly in this study. However, as shown in B14, such
ram pressure stripping of low-mass disc galaxies is very limited in
halos with total mass of ∼ 1012M owing to relatively weaker
ram pressure. Accordingly, we do not expect that the exclusion of
hot halo gas around compact elliptical galaxies would dramatically
influence the present results.
In addition, the assumption of zero initial global rotation in the
compact elliptical is not realistic in comparison to observed sys-
tems. However, the lack of initial rotation would not influence the
merging processes of satellite galaxies. Nevertheless, the kinemat-
ics of the final bulge component of the simulated S0 would strongly
depend on the initial kinematics of the compact elliptical.
3 RESULTS: THE FIDUCIAL MODEL
3.1 Orbit and merger
The key parameters of the adopted model are shown in Table 1 and
are discussed in Section 2. Figure 1 shows the initial configura-
tion of the elliptical and satellite along with the orbit traced by the
satellite throughout the simulation. As seen in panels (c) and (d),
the elliptical initially has no gas whereas the satellite is gas-rich
with a rotation-supported disc. The satellite orbit is mildly eccen-
tric and the orientation of the disc is nearly co-planar with the orbit
in a retrograde configuration.
As can be seen from the decreasing apocentres in Figure 1, the
satellite’s orbital energy decays throughout the simulation, eventu-
ally leading to a merger. The merger is driven by the dynamical
All Stars(a)
(b)
5.9 7 8.1 9.1 10.2
log Σ (M☉ kpc−2)
All Gas(c)
(d)
20 kpc
5.1 6.1 7.1 8.1 9.1
log Σ (M☉ kpc−2)
Figure 1. The initial configuration of the fiducial model (at time t = −2.82
Gyr) along with the orbit traced by the satellite (white lines) throughout
the simulation. Surface densities of the stellar and gaseous components are
shown on logarithmic scales: (a) all stars in a face-on projection, (b) all stars
in an edge-on projection, (c) all gas in the face-on projection, and (d) all gas
in the edge-on projection. The face-on and edge-on planes are determined
by the total baryonic angular momentum of the disc at the final time step.
See the online supplementary material for an animation of these panels from
t = −2.82 Gyr to t = 0.
friction encountered by the satellite as it orbits within the dark mat-
ter halo of the Elliptical. While dynamical friction can be mod-
elled analytically (e.g. see Binney & Tremaine 2008), the effect
is automatically incorporated into our simulation because we self-
consistently model all components (both baryon and dark matter)
of the satellite and elliptical as ‘live’ N-body systems.
At each successive pericentric passage, stars and gas are re-
moved from the satellite by the strong tidal field of the compact
elliptical. As the merger proceeds, this process of tidal stripping
leads to the full destruction of the satellite and the acquisition of its
baryons into a disc surrounding the elliptical, as shown in Figure 2.
The final orientation of the disc is determined by the satellite’s or-
bit, such that the orbital plane closely matches the disc plane. This
is simply because the orbital angular momentum is transferred to
the angular momentum of the disc.
3.2 Morphology and structural properties
The stellar disc in Figure 2 is not perfectly smooth but rather ex-
hibits several artifacts. For instance, there is a shell-like feature in
the upper left corner of panel (a) which is formed from the pile-up
of stars on similar orbits at apocentre. Such features are common
in tidal debris of destroyed satellites (e.g. tidal streams and shells).
Noticeably lacking in the stellar disc is the presence of spiral arms,
MNRAS 000, 000–000 (0000)
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Table 2. Comparison of S0 formation mechanisms in the literature to key observations.
Mechanism Environment v/σ a Age gradientb
Present work Field & low mass groups . 1 Negative
Ram pressure & quenching c Clusters & massive groups ≈ 2− 10 Positive?
Spiral-Spiral merger d Field & low mass groups ≈ 1 Positive/Negative?
Tidal interaction e Groups ≈ 1 Positive
a v/σ is the typical ratio of rotational amplitude to velocity dispersion. See Section 3.3
b A positive age gradient implies a young bulge and older disc; a negative age gradient
implies an older bulge than disc. Entries ending with a question mark are clarified in the
text. See Sections 3.4 and 4.1.
c Quilis et al. (2000); Larson et al. (1980)
d Tapia et al. (2017); Borlaff et al. (2014); Bekki (1998)
e Bekki & Couch (2011)
All Stars(a)
(b)
5.1 6.2 7.3 8.3 9.4
log Σ (M☉ kpc−2)
All Gas(c)
(d)
10 kpc
3.7 4.7 5.7 6.7 7.7
log Σ (M☉ kpc−2)
Figure 2. The final configuration of the fiducial model (at time t = 0 Gyr).
Surface densities are shown for (a) all stars in the face-on projection, (b)
all stars edge-on, (c) all gas face-on, and (d) all gas edge-on. Note that the
planes used for each projection are the same as those in Figure 1 except
that the physical scale of each panel is smaller by a factor of 2 as indicated
by the scale marker. Salient features of the model include the formation
of a disc around the elliptical, a hole within the gaseous disc, and a baryon-
dominated dwarf expunged from the satellite by tidal forces (evident in pan-
els (b) and (d) but beyond the range of panels (a) and (c).)
which is consistent with S0 morphology. The lack of spiral struc-
ture in our model is by design, as the potential of the central ellip-
tical acts to suppress the disc instabilities which lead to spiral arms
(e.g. Binney & Tremaine 2008).
The spherical blob evident on the right hand side of panels (b)
and (d) of Figure 2 is not a feature of the disc but rather lies far be-
hind the disc in projection. It is a baryon-dominated dwarf galaxy
that originated as a clump within the satellite and was subsequently
removed by the tidal field of the elliptical. Whereas the satellite
merged with the elliptical, the expunged dwarf continues to orbit at
large radii within the disc plane. This behaviour is evident in the on-
line animation which supplements Figure 1. For further discussion
of this dwarf, see Section 4.3.
As seen in Figure 2, the gas from the satellite settles into a
very thin disc around the elliptical. The stellar disc in comparison
has a larger vertical extent and dispersion. This settling of the gas
is due to usual gas dynamical effects, namely, the dissipation of
energy and angular momentum via fluid viscosity and cooling.
A prominent feature of the gas disc is the ‘hole’ that forms. It
is not a cavity that has been carved out, but rather it is simply due
to the fact that the gas flows into the inner region of the galaxy at a
specific range of radii (5− 15 kpc), as discussed further in 4.2.
While the formation of a disc in Figure 2 may be visually con-
vincing, the surface density must be examined to verify that the
stellar distribution is indeed disc-like. To do so, we first compute
the one dimensional stellar surface density profile Σ(R) as a func-
tion of cylindrical radius R in the disc plane. Then we fit Sersic
profiles which take the form
Σ(R) = Σe exp
{
−bn
[(
R
Re
)(1/n)
− 1
]}
, (2)
where the free parameters are n, the Sersic index, Re, the effective
radius, and Σe, the surface density at Re (Graham & Driver 2005).
The constant bn can be computed numerically from the equation
Γ(2n) = 2γ(bn, 2n), (3)
where Γ is the (complete) gamma function, and γ is the lower in-
complete gamma function.
For our purposes, we model a bulge as a Sersic profile ΣB(R)
having a free index nB, and we model a disc as a Sersic profile
ΣD(R) with index nD = 1, which recovers the surface density of
an exponential disc. We fit a single component ΣB(R) to the stellar
surface density at the beginning of the simulation (t = −2.82 Gyr),
and we fit a two-component model ΣD(R) + ΣB(R) to the surface
density at the end of the simulation (t = 0 Gyr).
In this way we can assess the initial properties of the ellip-
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Figure 3. (Left panel) One-dimensional stellar surface density of the fiducial model at the start of the simulation (t = −2.82 Gyr) (black line) as measured
from the center of the elliptical galaxy. The fit is given by a single Sersic component with free index n (green line), and the boxed inset lists the important
parameter values of the fit. (Right panel) One-dimensional stellar surface density at the end of the simulation (t = 0 Gyr) along the cylindrical radius of the
disc (black line). The overall fit (red dashed line) is given by the sum of a bulge (Sersic component with free index nB; green line) and exponential disc (Sersic
component with index nD = 1). The boxed inset gives the important parameter values of the fit along with the derived mass ratios between the bulge and disc
components. See text for details of the fit.
H2 Gas(a)
(b)
3.5 4.5 5.5 6.5 7.5
log Σ (M☉ kpc−2)
New Stars(c)
(d)
4.7 5.9 7 8.2 9.4
log Σ (M☉ kpc−2)
Sat Stars(e)
(f)
4.7 5.9 7 8.2 9.4
log Σ (M☉ kpc−2)
Cen Stars(g)
(h)
10 kpc
4.7 5.9 7 8.2 9.4
log Σ (M☉ kpc−2)
Figure 4. Surface densities of various particles types at the end of the simulation (t = 0 Gyr): molecular hydrogen shown (a) face-on, and (b) edge on; new
stars formed out of gas shown (c) face-on, and (d) edge-on; stars initialized to the satellite shown (e) face-on, and (f) edge-on; and stars of the central elliptical
galaxy shown (g) face-on, and (h) edge-on. The planar projections and physical scale are the same as those in Figure 2.
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(a) All Gas
5 kpc
(b) All Stars (c) New & Sat Stars (d) Cen Stars
−270 −135 0 135 270
Line−of−sight Velocity (km s−1)
Figure 5. Two-dimensional velocity field of the fiducial model at the final time step with disc inclination set to 60◦ with respect to the plane of the sky. The
line-of-sight velocity fields are separated by particle type: (a) all gas, (b) all stars, (c) stars formed out of gas plus stars initialized to the satellite, and (d) stars
from the central elliptical galaxy. Note that panel (b) is the mass-weighted superposition of the stars in panels (c) and (d).
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Figure 6. The ratio of velocity to velocity dispersion as a function of x position within the stellar velocity fields of Figure 5. The combined v/σ profile for all
stars is shown in panel (a), for new and satellite stars in panel (b), and for stars from the central elliptical galaxy in panel (c). The mass-weighted mean value
for v/σ at each x position is shown as the thick line in each panel, while the grey region denotes the mean plus/minus one standard deviation at each position.
Note that the profile in panel (a) is a mass-weighted superposition of the profiles in panels (b) and (c).
tical galaxy and test how those properties change with respect to
the formation of a disc by the end of the simulation. Note that the
bulge profile ΣB(R) is fit independently at the beginning and end
of the simulation. We carry out our numerical fit using the AstroPy
package with a Levenberg-Marquardt least square fitter (Astropy
Collaboration et al. 2013).
Figure 3 shows the results of our Sersic fits. At the start of
the simulation, the profile is fit nicely by a single sersic component
with n = 1.64 and Re = 0.91 kpc. The low density region beyond
10 kpc in the left hand panel of Figure 3 is essentially the noise floor
from a small number of particles and does not alter the fit. By the
end of the simulation the profile of the bulge changes only slightly,
having index n = 1.80 and effective radius Re = 1.08 kpc. The
lack of significant evolution in the bulge profile is confirmation that
the compact elliptical is preserved as the core of the final S0. Our
value of n = 1.80 for the Sersic index is somewhat smaller than
the typical value of n = 4 for normal elliptical galaxies (de Vau-
couleurs 1948), but it is not unreasonable for a system on the low
mass range of elliptical galaxies. In addition, this value is largely
a consequence of our adoption of a Hernquist density profile (see
Section 2).
As seen in the right hand panel of Figure 3, the outer regions
of the S0 are nicely fit by an exponential disc profile, and the to-
tal two-component fit (red dashed line) matches the surface density
very well. This is confirmation that the satellite merger in our sim-
ulation does indeed result in a two-component bulge-disc system.
The total mass ratio between these components favours the bulge,
with a value of B/D = 3.91. The equivalent bulge-to-total value
is B/T = 0.80 which is larger than the average value for observed
S0s (∼ 0.6) but is not atypical for S0s with massive bulges (Kor-
mendy & Bender 2012).
Figure 4 displays the surface densities of our model pertaining
to specific particle types. As detailed in Section 2, there are three
types of stars in our simulation: those assigned to the central ellipti-
cal at the start of the simulation, those assigned to the satellite at the
start of the simulation, and those which form throughout the simu-
lation from H2 gas. As seen in panels (a) and (b) of Figure 4, the
morphology of the molecular H2 gas is broadly similar to that of
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Figure 7. The age of stars as a function of radius in the fiducial model at
t = 0 Gyr. The greyscale plot is a mass-weighted histogram of age versus
radius for stars which formed during the simulation, where the greyscale
varies from 5 × 104 M per bin (white) to 107 M (black). These ‘new
stars’ have an age which ranges from 0 Gyr (i.e. formed at the end of the
simulation) to 2.82 Gyr (i.e. formed at the first time step) as determined
by their epoch of formation. The coloured lines indicate the mass-weighted
mean age of all stars in the model as a function of radius. The lines differ
by the assumed age of the stars in the central Elliptical: 2.82 Gyr (blue),
5.21 Gyr (purple), 7.61 Gyr (plum), and 10 Gyr (red). The vertical dashed
line is drawn at twice the stellar half mass radius, indicating the extent of
the bulge. We emphasize for clarity that the greyscale histogram pertains to
the newly formed stars only, whereas the coloured lines pertain to all stars.
See text for details.
the total gas distribution, featuring a central ‘hole’ and the baryon-
dominated dwarf. Panels (c) and (d) indicate that the ‘new stars’
have quite a different distribution to the H2 gas. This is particularly
evident in panel (c) which shows a somewhat patchy distribution of
stars highlighted by tidal substructure such as streams and shells.
This contrasts to the smooth distribution of stars that were origi-
nally in the satellite disc, shown in panels (e) and (f). The substruc-
ture within the stellar disc is largely hidden by the overlap of other
stellar components, particularly at small radii where the elliptical
dominates, as shown in panels (g) and (h).
It is evident from inspecting Figure 4 that the infalling gas
does not significantly fuel the build-up of the bulge. The highly flat-
tened distributions of H2 gas in panel (b) and of new stars in panel
(d) are consistent with the build-up of the disc only. The central
elliptical galaxy evolves only marginally by the end of the simula-
tion, acquiring a mild flattening of its outer layers in the equatorial
plane as shown in panel (h) of Figure 4.
3.3 Kinematic properties
To indicate the kinematics of the model, we show in Figure 5 the
two-dimensional velocity field as projected at an inclination of 60◦
to the sky. The gas clearly exhibits disc kinematics with a large am-
plitude of rotation in panel (a). The stars also exhibit rotation but
with lower amplitude, and primarily in the outer regions as shown
in panel (b). The inner region of the stellar distribution does not ex-
hibit a clear rotational signal because that is where the bulge dom-
inates, rather than the disc. This can be verified by inspecting the
separate velocity fields of each stellar particle type. Panel (c) indi-
cates a large amplitude of rotation even at small radii for the stars
which originated from the satellite and the stars which formed out
of the gas. In contrast, panel (d), shows that the inner parts of the
central elliptical exhibit negligible rotation.
Figure 6 shows the v/σ profiles across the x direction of the
stellar velocity fields of Figure 5. Panel (a) shows v/σ for all stars,
while panels (b) and (c) show the contributions from the stars that
constitute the disc and bulge, respectively. The relative importance
of rotation versus random motion is evident in each of these pan-
els. For instance, the motion of stars within the central elliptical is
dispersion dominated, resulting in v/σ ≈ 0 for the inner regions of
panels (a) and (c). As noted previously, the bulge acquires a slight
rotation in its outer parts, which is apparent in panel (c) for radii
beyond 5 kpc.
Meanwhile, the stars from the satellite exhibit a stronger rota-
tional signal within the disc, with a value of v/σ ≈ 1 beyond 5 kpc
in panel (b). This value indicates that rotation and dispersion may
be comparably important for the motion of disc stars within our S0
model.
Table 2 compares the present scenario to other S0 mechanisms
regarding v/σ predictions. Our S0 disc has a low v/σ value, but
such a low value is also expected for the tidal interaction and major
merger scenarios. This kinematic similarity is linked to the grav-
itational encounters in the field which cause a similar dynamical
heating of the disc. In contrast, an S0 formed from the quenching
and/or gaseous stripping of a spiral galaxy in a cluster will retain
a high v/σ reminiscent of cold discs, as indicated in Table 2. Ac-
cordingly, observed values of v/σ may be able to discriminate to
some degree between different formation channels for S0s, but may
be limited by similar predictions for competing mechanisms in the
field.
3.4 Age profiles
The distribution of stellar ages within the disc at the end of the
simulation is shown in Figure 7. The greyscale histogram shows
the age distribution of ‘new stars’ which form out of the gas during
the simulation, from 0 Gyr (i.e. formed at the end of the simulation)
to 2.82 Gyr (i.e. formed at the beginning).
While stars of many ages are found in the disc, a dominant
portion of the young stars (age < 1 Gyr) are found at radii between
5 − 12 kpc in Figure 7. This distribution reflects the epoch of
recent disc building that was fueled by the merger. In contrast, the
bulge remains largely unchanged for many Gyr and is dominated
by older stars.
In contrast to the stars which form out of gas throughout the
simulation, the stars which constitute the initial equilibrium mod-
els (i.e. the exponential disk and Hernquist sphere per Section 2) do
not have a formation time. In other words, the simulation does not
constrain the ages of these particle types. For the purpose of con-
structing age profiles, we are free to assign the age of each of these
equilibrium systems as long as they are not less than 2.82 Gyr (i.e.
so their ’formation’ preceded the first time step of the simulation).
It makes physical sense for the gas-rich satellite to have sim-
ilar ages between its gaseous disc and thin stellar disc. This moti-
vates us to assign an age of 2.82 Gyr to the stars which comprise
the initial disc of the satellite.
For the stars belonging to the elliptical, we consider several
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possible ages from 2.82 Gyr to 10 Gyr, each corresponding to a
different physical scenario. For instance, an age of 10 Gyr corre-
sponds to a compact Elliptical which formed at redshift z = 2 (e.g.
a red nugget) which then merges with a young satellite within the
past 1 Gyr. The corresponding age profile of the z = 0 remnant is
shown as the red curve in Figure 7. The age profiles corresponding
to other choices for the age of the elliptical are also shown: 2.82
Gyr (blue), 5.21 Gyr (purple), 7.61 Gyr (plum), and 10 Gyr (red).
Assigning a progressively younger age to the elliptical flattens
the age gradient as seen in Figure 7. An age of 2.82 Gyr (blue line)
corresponds to a scenario where the elliptical and the merging satel-
lite have essentially the same age. This could apply, for instance, to
a high-z red nugget which merges with a gas-rich satellite at z = 1.
The age difference between the S0 bulge and disc essentially
depends on the epoch of satellite accretion. If it occurred at high
redshift, then the age gradient may be flat or may decline only
slightly (blue line in Figure 7). In contrast, recent satellite accre-
tion onto an ancient host elliptical would produce a more dramatic
and more easily detectable age gradient (red line in Figure 7). The
robust prediction of our model is that the age gradient will be neg-
ative or zero for a variety of merger scenarios.
The age gradients produced by other S0 formation scenarios
are noted in Table 2. Owing to a relative lack of explicit predic-
tions in the literature, we must infer the expected age gradient for
several scenarios. For instance, a spiral which evolves to S0 via
the ram pressure / quenching scenario can build a young bulge by
retaining gas in its central region, likely producing a positive age
gradient. Similarly, the merger of two spirals can yield an early-
type disk galaxy, but gas will be funneled to the center and build a
young pseudo-bulge or bar (e.g. Athanassoula et al. 2016). Because
the strength of the central starburst can vary with numerous factors
(e.g. Mihos & Hernquist 1994), the age gradient could conceivably
be either positive or negative for the Spiral-Spiral scenario.
4 DISCUSSION
4.1 Classifying S0s via age gradients
Field S0s and cluster S0s appear to have distinct properties regard-
ing the ages of their bulges and discs. S0s found in clusters tend to
have bulges that are younger than their discs (Bedregal et al. 2011;
Johnston et al. 2012), whereas S0s in the field are observed with
older bulges than discs (Tabor et al. 2017; Gue´rou et al. 2016). In
cases where the structural components cannot be separated, the im-
plied age gradients would be positive for cluster S0s, and either flat
or negative for field S0s.
The predictions of our model are consistent with negative age
gradients: as seen in Figure 7, the trend of ages in the S0 disc can
vary from flat to sharply declining depending on the age of the com-
pact elliptical. The core of the S0 is made up of old stars from the
compact elliptical, and the outer regions of the S0 are made up of
the acquired disc of gas and young stars. Similarly, the Spiral-
Spiral merger scenario also operates in the field and may produce
negative age gradients (Table 2), as long as the merger-induced gas
flows do not build a dominant central component of young stars.
In contrast, a positive age gradient is a natural consequence of
many S0 formation mechanisms in dense environments, including
ram pressure stripping (Quilis et al. 2000), truncation of star for-
mation (Arago´n-Salamanca et al. 2006), and tidal fields in clusters
and groups (Byrd & Valtonen 1990; Bekki & Couch 2011). In these
cases, a progenitor spiral galaxy loses its gas to a final episode of
central star formation, which both starves the disc and builds up the
bulge with young stars.
Owing to the differences pointed out above, we postulate that
field and cluster S0s are distinct galaxy types which are not formed
by the same evolutionary process. We suggest a simple dichotomy:
S0s in clusters are associated with spiral progenitors and evolve
via numerous distinct mechanisms in dense environments; whereas
S0s in the field are associated with merger events such as the com-
pact elliptical scenario described in the present work. We suggest
that these subclasses could be distinguished observationally by the
distinct ages of their bulges and discs, or equivalently, by their age
gradients as noted above.
4.2 Holes and Rings in the disc
A salient feature of our model is the large hole present in the
gaseous disc as seen in Figures 2 and 4, which is reminiscent
of the rings observed in some isolated S0s (Marino et al. 2011;
del Rı´o et al. 2004). It is possible that the ring in our model is
representative of observed galaxies which were a part of the red
sequence but subsequently moved blueward into the green valley
due to a merger-induced phase of disc building (Thilker et al. 2010;
Bouchard et al. 2010).
While consistent with our merger scenario, the presence of HI
and UV rings in observed S0 galaxies can be attributed to other
sources including: continuous accretion of intergalactic gas (Moi-
seev et al. 2010), bar instabilities which transport gas to the core
and outer radii (Marino et al. 2011), and the gradual fading of orig-
inal star formation activity (Bresolin 2013).
The ’hole’ in our model is created during the infall of the gas
as it settles into the disc plane. Because the source of the disc gas
is a merging satellite on a moderately eccentric orbit, the infalling
gas retains is orbital angular momentum and settles into a ring in
the disc plane. Without a mechanism to dissipate this angular mo-
mentum, the gas is not capable of flowing into the center of the
galaxy and cannot ’fill the hole’. Similar ring morphologies are ev-
ident in previous numerical studies of minor mergers (Mapelli et al.
2015).
In our model, the central elliptical is idealized in the sense
that it does not have a hot gas envelope nor a cold gas disc. How-
ever, if the satellite had plunged through a hot envelope or cold
disc around the elliptical during merger, then the viscous interac-
tions would dissipate energy and angular momentum and drag the
infalling gas toward smaller radii. Such radial inflows would likely
fill in any ’holes’ that would have otherwise formed.
4.3 Formation of baryon-dominated dwarf
The dwarf seen in panels (b) and (d) of Figure 2 has a total mass of
4.12×108M, a baryon fraction of 99.7%, a gas fraction of 64.0%,
and a stellar half mass radius of 1.1 kpc. These figures imply that
the dwarf is too compact to be an ultra diffuse galaxy (van Dokkum
et al. 2015), far too depleted of dark matter to be a low surface
brightness dwarf (e.g. as in the Local Group, e.g. McConnachie
2012), and too large to be an Ultra Compact Dwarf (Norris et al.
2014). Rather, this dwarf is more akin to a tidal dwarf galaxy (TDG)
in both total mass and baryon fraction (e.g. Duc et al. 2004).
However, the dwarf is distinct from TDGs for a subtle rea-
son. TDGs form within tidally expelled debris following a galactic
interaction (Dabringhausen & Kroupa 2013), but the dwarf in our
simulation forms prior to any tidal encounter. Gas instabilities in
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the disc of the spiral trigger the coalescence of a clump of baryons,
similar to the fragmentation observed in high-redshift discs (e.g.
Bournaud et al. 2008). But rather than migrating and disrupting,
the clump in our simulation is subsequently expelled from the spi-
ral by the tidal field of the elliptical.
This ‘clump dwarf’ is also striking because it orbits within the
disc plane of the final S0 system. We speculate that S0s formed
by the mechanism described in this paper may have an enhanced
likelihood of harbouring a dwarf satellite in the same plane as the
S0 disc. This conjecture may well apply to systems not represented
by our simulation, such as surviving group members from the infall
and subsequent merger of a co-orbiting group of dwarfs.
4.4 Model improvements
In this work we have presented a simple numerical model to illus-
trate a new pathway for S0 formation. Here we consider limitations
of our model.
We have considered the case of a single satellite merger only,
but the possibility of multiple mergers should be investigated. In the
context of cosmological mass assembly, multiple mergers can be
delivered naturally by group infall onto the elliptical. The repeated
infall of multiple small satellites on roughly similar orbits would
contribute to the buildup of the S0 disc by providing a steady source
of mass and angular momentum. It would also reduce the B/T ratio
compared to the somewhat large value of 0.8 for our fiducial model
(e.g. see Figure 3).
Because our treatment of the elliptical galaxy is simplistic,
future work should explore more realistic treatments, including:
adopting an initial rotation profile, assigning gaseous components
(whether cold disc or hot halo), and exploring different radial den-
sity profiles. In particular, the degree to which our S0 formation
scenario depends on the elliptical being gasless and non-rotating
should be quantified, as it may affect the density profile and age
gradient within the disc.
Our best model has a satellite-to-elliptical mass ratio of 0.3,
but other favourable models could potentially have mass ratios any-
where in the range of 0.2− 0.5 (see Appendix A). The exact range
would likely depend on the effect of varying other parameters such
as orbital eccentricity, disc orientation, gas fraction, etc. Several
such alternate models are briefly considered in Appendix A.
It remains the task of future work to fully explore the parame-
ter space of possible interaction histories for our S0 formation sce-
nario. The question of how often or how likely this transforma-
tion occurs in the Universe in comparison to other S0 mechanisms
is likewise left for future study. For instance, one can quantify
the frequency of mergers between ellipticals and gas-rich satellites
in comparison with other galaxy types by considering observed
galaxy number densities.
5 SUMMARY AND CONCLUSION
In this paper we have presented a new scenario for creating S0s
which we illustrate with a hydrodynamical N-body model. Whereas
S0 formation scenarios in the literature typically assume a spiral
progenitor, our scenario starts with a compact elliptical. Follow-
ing the merger of a gas-rich satellite, a disc is built up around the
compact elliptical, effectively transforming it to an S0. Notably,
this process can occur in low-density environments like the field in
contrast to many S0 formation mechanisms in the literature which
may require dense environments like clusters.
In our model, the compact elliptical evolves only marginally to
become the central bulge of the S0. Thus we form a classical bulge
with properties similar to an elliptical galaxy. The potential of the
bulge plays an important role in determining the morphology of the
disc. Namely, the stellar disc has no apparent spiral structure, which
is crucial for the final system to be considered S0. This is simply
due to the fact that disc instabilities are suppressed by the potential
of the bulge, and therefore spiral structure cannot be maintained.
We predict that the age of stars should exhibit a clear gradient
in the S0. The bulge should be the oldest structural component and
the disc should be the youngest, leading to a negative age gradient
as a function of radius in the S0. The steepness of this gradient
depends on the age of the elliptical as shown in Figure 7. The
negative age gradient may be a distinguishing characteristic of the
present scenario, but further work needs to be done to clarify the
predicted age gradients of other S0 formation mechanisms in the
literature (e.g. Table 2).
A key conclusion to be drawn from this work is that S0s may
be a catch-all category of rather diverse systems. We postulate that
S0s may be separated into two subclasses by their distinct evolu-
tionary paths: those which evolved from spiral galaxies in dense en-
vironments, and those which formed via mergers in sparse environ-
ments, including the compact elliptical progenitors of the present
scenario. As discussed in Section 4.1, observed age gradients may
be a key discriminator for disentangling these subclasses.
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APPENDIX A: ALTERNATE MODELS
For the S0 formation mechanism presented in this paper, a vast
range of configurations and parameterizations can be investigated
for the gas-rich satellite and the massive compact elliptical. For in-
stance, we can consider variations over the masses, rotational prop-
erties, baryon fractions, gas phases, orbital parameters, etc. Some
of these interactions will trigger a transformation into an S0 while
others will not. Although an exhaustive parameter study is beyond
the scope of the current work, we briefly discuss the features of a
few alternate models to consider the sensitivity of the adopted sce-
nario to different physical conditions.
Table A1. Description of the parameter values for alternate models M2-
M6 in comparison to the fiducial model M1.
Model ID m2a ρth (cm−3)b θ (◦)c
M1d 0.3 1 150
M2 1.0 1 150
M3 0.5 1 150
M4 0.1 1 150
M5 0.3 10 150
M6 0.3 1 0
a m2 is the dynamical mass ratio between the satellite and elliptical.
b ρth is the star formation threshold gas density as in Section 2.5.
c θ is the angle between the orbital and spin angular momentum vec-
tors. θ = 0◦ is the prograde case, and θ = 180◦ is retrograde.
d Model M1 is the fiducial model.
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Figure A1. Stellar ages as a function of radius in the disc for four differ-
ent models. Each model has a different mass ratio between the satellite and
central elliptical galaxy: a mass ratio of 1.0 (green), 0.5 (purple), 0.3 (the
fiducial model; red), and 0.1 (blue). In Table A1, these models are labeled as
M2, M3, M1, and M4, respectively. Solid lines indicate the mass-weighted
mean stellar age, and the shaded regions indicate the statistical spread in
ages as the mean plus/minus one standard deviation. The age of stars be-
longing to the compact Elliptical in each case is assumed to be 10 Gyr. The
vertical dashed line is drawn at twice the average stellar half mass radius,
indicating the average extent of the bulge in the models. The red line in this
figure is identical to the red line of Figure 7.
A1 Mass ratio
The mass ratio between the satellite and elliptical galaxy controls
the merger timescale as well as the amount of mass which is avail-
able to build a disc.
Figure A1 shows age as a function of disc radius for various
models with different mass ratios between the satellite and ellipti-
cal. The red curve represents the fiducial model (mass ratio of 0.3)
and is the same as the red line in Figure 7. In choosing the best
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Figure A2. Face-on surface densities of gas and stars in two alternate mod-
els. The consequences of increasing the star formation threshold of the fidu-
cial model is shown for (a) all gas, and (b) stars formed out of the gas. The
consequences of changing the orientation of the satellite disc from a retro-
grade to a prograde encounter is shown for (c) all gas, and (d) stars formed
out of the gas. In each panel, the face-on projection is determined by the
orientation of the final disc. In the parameter list of Table A1, these two
alternate models are labeled M5 and M6 for the model with higher star for-
mation threshold and for the prograde model, respectively.
model, we seek S0s which have old bulges and young discs as ob-
served in the field (e.g. Tabor et al. 2017) which translate to a neg-
ative age gradient in Figure A1. Judging by this criterion, a mass
ratio of 0.5 (purple line) is the only other acceptable case along
with the fiducial model (red line).
Given that our S0 formation mechanism relies on a satellite
merger, smaller satellites are not ideal candidates since they have
less mass for building the S0 disc. In addition, because of the re-
duced impact of dynamical friction, the mass ratio of 0.1 (blue line)
has not yet produced a merger, indicated by the large spike between
20 − 25 kpc in the blue curve of Figure A1. Following the orbital
evolution for 6 − 8 Gyr would produce a merger (Boylan-Kolchin
et al. 2008), but the remnant would not transform to an S0 owing to
the relative lack of material for building a disc around the elliptical.
In the case of more massive satellites, the orbits decay too
quickly and the delivery of gas to the central elliptical is too rapid
to coalesce into a disc. The material is instead funneled to the center
of the galaxy with little overall angular momentum, where it fails
to contribute to the buildup of a disc. This effect is reflected in the
equal mass merger case in Figure A1 (green curve). The buildup of
young stars in the inner galaxy causes the central region to be much
younger than for other mass ratios. In addition, the outer regions
for the green curve are relatively older in comparison to other mass
ratios, which reinforces the notion that the gas and young stars were
not able to settle at large radii.
In summary, the mass ratio between the satellite and elliptical
is a key parameter in our scenario. We find it must be large enough
(> 0.1) to lead to a massive merger capable of building a disc.
But it must be small enough (< 0.5) so that the accreted material
does not funnel to the center of the galaxy but rather settles at radii
typical of discs.
A2 Other parameters
Figure A2 displays the surface densities of gas and new stars in two
alternate models. In one model, the star formation threshold was
raised, and in the other the disc orientation was changed so as to
produce a prograde tidal encounter. Comparing to the surface den-
sities in Figures 2 and 4, it is clear that a retrograde encounter and
low star formation threshold are important factors in the formation
of an S0 with a smooth stellar disc.
As seen in panel (a) of Figure A2, imposing a higher star for-
mation threshold yields a gas distribution which is qualitatively
similar (e.g. a ring-like morphology) but is more centrally concen-
trated than the fiducial model. Meanwhile, the stellar disc in panel
(b) exhibits tidal shells rather than a smooth disc. The shells are
located at a variety of radii and position angles, reminiscent of the
dramatic tidal shells of NGC 474 (e.g. Turnbull et al. 1999). The vi-
sual similarity implies that at least some of the shells of NGC 474
were formed in this way, namely, via the gradual tidal dissolution
of a single satellite.
Panels (c) and (d) of Figure A2 show that a prograde tidal
encounter does not produce an S0 because the stellar morphology
is not disc-like. The stars which form out of the gas are distributed
in sharply defined tidal streams, which is a consequence of the well-
known fact that tidal stripping is more efficient on prograde orbits
(e.g., Toomre & Toomre 1972) as compared to the retrograde tidal
encounter of our fiducial model.
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